ABSTRACT: The kinetics of release of fibrinopeptide A (FPA) and B (FPB) by thrombin were investigated on unfractionated fibrinogen samples as a function of CaCl 2 concentration. A 50 mM Tris, 104 mM NaCl, pH 7.4 (TBS) buffer, to which 1 mM EDTA-Na 2 (TBE) or 2.5 (TBC2.5), 14 (TBC14), and 30 mM CaCl 2 (TBC30) was alternatively added, was employed. The % FPA versus time curves were fitted with single stretched-exponential growth functions, where the stretch parameter likely reflects substrate polydispersity ( ) 1, monodisperse). For TBE, TBS, TBC14, and TBC30, we found ≈ 1, with corresponding normalized rate constants (K a ) of 3.8, 4.2, 2.7, and 1.9 × 10 -5 [(NIHu/L)s] -1 . Surprisingly, in TBC2.5 we found ) 0.69, with an "average" K a of 3.
Fibrinogen (FG) 1 is a high-molecular mass (340 000 Da), centrosymmetric, dimeric glycoprotein whose physiological blood concentration ranges from 3 to 4 mg/mL (∼10 -5 M) (1, 2) . Each half consists of three polypeptide chains, termed AR, B , and γ, which in the human species contain 610, 461, and 411 amino acid residues, respectively (2-4). All six N-termini are contained in a central, globular domain ("E-domain"), joined by two coiled-coil connectors to two outer globular domains ("D-domains"), formed by the C-terminal parts of the B -and γ-chains, as deducted from early biochemical and biophysical studies and recently confirmed by crystallography (2) (3) (4) (5) (6) (7) (8) . The location of the ∼400 C-terminal amino acids of the AR-chains is instead still controversial, ranging from partially free-swimming appendages to forming a fourth globular domain positioned on top of the central one (8) (9) (10) (11) (12) (13) . It should also be noted that alternative splicing of the AR-chain and especially the γ-chain mRNA, post-translational modifications, and proteolytic cleavage mainly in the C-terminal parts of the ARchains combine to produce a great variety of circulating FG isoforms and partially degraded species, some of which have defined physiological roles (reviewed in refs 14 and 15) .
The N-termini of FG AR-and B -chains each contain a cryptic polymerization site masked by short amino acid sequences, called fibrinopeptide A (FPA) and fibrinopeptide B (FPB), that can be enzymatically removed. This event generates a reactive species, monomeric fibrin, that rapidly polymerizes mainly by interaction of the newly exposed knob-like N-terminal sequences (A and B sites) with "holes" always present in the γ-and B -chains (a and b sites), respectively, in the outer domains, producing in the early stages two-stranded, half-staggered "protofibrils" which then aggregate laterally, ultimately forming a network of fibers known as the fibrin clot (see refs 2 and 3, and references therein). In humans, the physiological release of FPA and FPB is due to the cleavage of the AR Arg16-Gly17 and B Arg14-Gly15 bonds, respectively, promoted by thrombin, a trypsin-like enzyme with a much narrower substrate specificity (2, 3, 16) . In the early stages of the reaction, FPA is released at a considerably higher rate than FPB so that, by the time a visible clot appears, little FPB has been cleaved under physiological or quasi-physiological conditions (see Figure 5 of ref 2, and references therein). The FPA-less, partially activated fibrin monomer species is often termed desAA-fibrin, and the release of FPB from desAA-fibrin generates desAABB-fibrin. The relationship between the cleavage of the two sets of fibrinopeptides (FPs) and the sequential events in the fibrin gel formation has been puzzling for a long time (see refs 2 and 3). Apparently, the onset of gelation greatly enhances the release of FPB from the desAA-fibrin (proto)fibrils so that the extent of lateral aggregation grows at an exponential rate thereafter (2, 17) . Studies with other enzymes (mainly from snake venoms), which selectively release only one pair of FPs or the other, have shown that removal of either the FPAs or the FPBs is sufficient to trigger the formation of the two-stranded protofibrils and their subsequent lateral aggregation, although the desBB-fibrin gels form only at lower than physiological temperatures (see ref 18 , and references therein). However, the removal of FPBs seems to enhance the formation of thicker fiber bundles (18) . The recent modeling work by Doolittle and collaborators (19) has advanced an explanation for these observations, showing how the B-b engagement, besides allowing protofibril formation per se, could also lead to better exposure of a reactive patch favoring their lateral aggregation. It must be also pointed out that the mechanism of FP release by the physiological enzyme thrombin and that of the more selective venom enzymes could be very different, and thus greatly influence the kinetics of fibrin assembly (see refs 20 and 21, and references therein). For instance, it appears that thrombin can release the second FPA faster than the first from a single FG molecule, although the estimates of the magnitude of this effect vary between a factor of 3 and 16 (22) (23) (24) , while the snake venom enzyme ancrod seems to cleave both FPAs independently (25, 26) .
The fibrinogen-fibrin transition and FP release have also been extensively studied for their involvement in other pathophysiological processes such as angiogenesis and metastatic spread (27, 28) . An increased rate of FPA release has been associated with various malignancies (29) . A better response to chemotherapy has been observed in patients with low levels of FPA than in those with higher levels; furthermore, normal levels of FPA have been found in patients in prolonged complete remission (30) . As a consequence of these results, the evaluation of FPA release has been recently proposed to be a prognostic factor in patients with malignant diseases (31) .
Calcium ions are important cofactors in the blood coagulation system. However, the precise number, affinity, and location of FG Ca 2+ -binding sites are not fully resolved issues. Early work by Nieuwenhuizen, Haverkate, and colleagues (see refs 32-35 , and references therein) seemed to indicate a difference between rat and human fibrinogen, the former having approximately three high-affinity and two low-affinity sites, and the latter lacking the low-affinity ones. Previously, three high-affinity and several low-affinity sites were instead reported by Marguerie and colleagues for bovine FG (36) . Two of the three high-affinity sites were readily localized in the outer D domains (32) (33) (34) (35) , and subsequently identified by crystallography near the a polymerization hole in the C-terminal portion of the γ-chain (5, 6) . Surprisingly, in another crystal structure consisting of a cross-linked human D dimer with two synthetic short analogues of the A and B knobs bound, a second Ca 2+ -binding site was found in a comparable position near the b polymerization hole in the C-terminal portion of the B -chain (37) . However, the lack of a fourth coordinating side chain, with respect to the γ-chain site, suggests that this may be one of the controversial lower-affinity Ca 2+ -binding sites (37) . Two more weak Ca 2+ -binding sites were subsequently identified by the same authors (38) in human D dimers, although only one was evident in a recombinant human fragment D crystal structure (39) . In addition, sialic acid residues have also been proposed to be low-affinity Ca 2+ -binding sites (40) . As for the elusive third high-affinity site, it has been suggested that it may be a composite site involving the C-terminal ends of both AR-chains (35, 41, 42) . In any case, it is known that Ca 2+ ions play a role in the stabilization of fibrinogen against heat denaturation and plasmin digestion (3, 41, 43) , and it has been observed that the removal of calcium induces conformational and functional changes (44) . The presence of several low-affinity binding sites for calcium is supposed to influence the fibrin polymer distribution in the growing network (2, 40, 45) . In the course of an extensive study on calcium ions binding to fibrin during clot formation, Mihalyi showed that there is an uptake of Ca 2+ that runs parallel to FPB release, while FPA is released largely during its lag period (46) . Overall, calcium ions are known to accelerate the fibrinogen-fibrin transition promoted by thrombin, decreasing the clotting time (2, 45) .
FP release kinetics have been studied carefully in the past, and values of k cat and K M have been reported for both FPA and FPB cleavage (47) (48) (49) (50) (51) . However, bovine and human proteins were employed in various combinations, and buffer conditions and temperature were very different from study to study. Moreover, notwithstanding its prominent role in the blood coagulation system, the effect of the Ca 2+ concentration was not systematically studied, to the best of our knowledge.
We present here an investigation of the kinetics of FP release from human FG by human thrombin as a function of Ca 2+ concentration, in a buffer with an ionic strength and a pH that are close to physiological values. To relate these values to our ongoing studies of fibrin formation (21, 52-54), we performed the assays at room temperature (25 ( 2 °C), and at a single, relatively low FG concentration (0.5 mg/mL). The data were fitted to appropriate equations derived from various enzymatic schemes. The dependence of the normalized rate constants K a and K b on the different ions present in solution or on the total ionic strength I was analyzed as proposed by Vindigni and Di Cera (51), revealing a different susceptibility of the two sets of FPs. In addition, a noticeable effect of physiological Ca 2+ concentration was observed at physiological ionic strength on the FPA release only, suggesting the presence of at least two subpopulations with different release kinetics. A possible correlation to the inherent polydispersity of our FG samples was attempted, and the implications of these findings for FG structurefunction relationship, and for the process of fibrin formation, are discussed.
MATERIALS AND METHODS

Materials.
All reagent grade chemicals were purchased from Merck (Darmstadt, Germany), unless otherwise stated. Doubly distilled water was always employed in the preparation of the solutions. Blood samples were obtained from two healthy donors (A.P. and M.R.) in K 3 EDTA-containing tubes, and centrifuged at 4°C initially for 10 min at 500g, and then for 15 min at 2000g to separate the plasma from the cellular components. Samples for electrophoresis (see below) were then immediately prepared from the plasma fractions assuming a physiological FG concentration of 3 mg/mL.
Fibrinogen Preparation and Quality Control. Lyophilized human FG (TF grade, lot 05, IMCO, Stockholm, Sweden) was dissolved at 37°C at a nominal concentration of 20 mg/mL in 0.3 M NaCl, to which 10 units/mL KIR (serine protease inhibitor, Richter, Milan, Italy) was added; it was then dialyzed twice at 4°C for 4 h against TBS buffer [50 mM tris(hydroxymethyl)aminomethane (Tris) and 104 mM NaCl (pH 7.4)]. A specific absorption coefficient E of 1.51 mL mg -1 cm -1 was employed to determine the FG concentration from the absorbance at 280 nm (55), after correcting for scattering contributions by subtracting the absorbance at 320 nm. All spectroscopic measurements were performed in a Beckman DU-640 spectrophotometer (Beckman Analytical, Milan, Italy). FG was tested for purity, and plasma samples were analyzed, by means of polyacrylamide (PAA) gel electrophoresis in the presence of sodium dodecyl sulfate (SDS-PAGE) of samples reduced with dithiothreitol (DTT, Sigma-Aldrich, Milan, Italy) according to the method of Laemmli (56) ; electrophoresis grade reagents from Bio-Rad (Hercules, CA) were used. A careful characterization of commercial purified and plasma FG subpopulations was performed by means of wet Western blotting, utilizing 0.45 µm pore size nitrocellulose membranes (Hybond-C, Amersham Pharmacia Biotech, Uppsala, Sweden), in a similar way as we have previously reported (21) . The IgM Y18 monoclonal antibody (MAb) (a generous gift of W. Nieuwenhuizen, Leiden, The Netherlands), directed against an epitope on the FPA (57), was employed to recognize the AR-chains, followed by color development using a horseradish peroxidase-conjugated goat anti-mouse IgM secondary antibody (Southern Biotechnology Associates, Birmingham, AL) and 4-chloro-1-naphthol (Fluka Chemie, Buchs, Switzerland) as a substrate. For FG, each sample was run in duplicate, and half of the blot was instead stained with amido black (Sigma). Prestained recombinant protein molecular mass markers (250-10 kDa, Bio-Rad catalog no. 161-0372) were also run on the gels and likewise blotted. Plasma samples were instead run side by side with commercial FG samples and immunostained only. The blots were then scanned on a Mustek MFS 6000CX flatbed scanner using a 600 × 600 dpi resolution, and the optical density (OD) profile for each lane was determined with the One-Dscan software (Scanalytics, CSPI, Billerica, MA) followed by Gaussian deconvolution of overlapping peaks using PeakFit version 4 (Jandel Scientific, now distributed by Systat Software Inc., Richmond, CA). Likewise, the relative content of normal γ-chains and of its longer γ′ splice variant (58) was determined on FG blots using the IgG1 mouse MAbs 4A5, directed against an epitope present in residues γ392-411 (59) (kindly provided by G. Matsueda, Bristol-Myers Squibb), L2B, specific for the γ′-chain extension, and J88B, which recognizes all γ-chain forms (60, 61) (L2B and J88B were both a generous gift of P. J. SimpsonHaidaris, University of Rochester, Rochester, NY), and a goat anti-mouse IgG1 horseradish peroxidase-conjugated secondary antibody (Southern Biotechnology Associates).
Thrombin Preparation and Titration. Lyophilized human thrombin was from Sigma (catalog no. T-6884, lot 20K7614, nominal activity of 2330 NIH units/mg of protein). It was reconstituted with exactly 1 mL of water (measured with a Hamilton syringe and checked by weight) to a final nominal concentration of 1199 NIH units/mL, and stored in small aliquots at -80°C until it was used. To normalize to the same thrombin concentration data sets obtained from experiments performed months apart, the enzymatic activity of the employed thrombin solution was measured, immediately after reconstitution and prior to each experiment, with the chromogenic substrate N-benzoyl-Phe-Val-Arg-p-nitroanilide (Sigma B-7632). Assuming that the total loss of enzymatic activity over time was due to degradation of R-and -thrombins to the same extent, we then normalized each experiment to the initial content of NIH units. The thrombin assay was performed using the method of Lottenberg et al. (62) .
Fibrinopeptide Release. Briefly, triplicate 1.5 mL solutions containing 0.5 mg/mL FG were incubated with thrombin at 0.25 nominal NIH unit/mg of FG in Eppendorf microcentrifuge tubes for different times (1, 2, 5, 10, 15, 30, 60, and, if required, 120 min) at room temperature, after which the tubes were rapidly placed into and kept for 1 min in boiling water. After centrifugation at 16000g for 15 min, the supernatant was filtered through 25 mm diameter, 0.45 µm pore size polyethersulfone syringe filters (Millex-GP, Millipore, Bedford, MA). The samples were then stored at 4°C until they were analyzed. The temperature of the room was stable within (0.5°C during each experiment, but it could differ from experiment to experiment because of seasonal variations (25 ( 2°C). The buffers that were used were based on TBS, to which 1 mM EDTA-Na 2 (TBE) or 2.5 (TBC2.5), 14 (TBC14), or 30 mM CaCl 2 (TBC30) was alternatively added. In addition, a 50 mM Tris, 186 mM NaCl, 2.5 mM CaCl 2 , pH 7.4 (TBCaNa) buffer, having the ionic strength of TBC30 and the Ca 2+ content of TBC2.5, was also employed.
Determination of the EffectiVe End Point of the Reactions. After being immersed in boiling water, the samples take some time to reach the temperature at which thrombin becomes inactive. The rate at which the sample temperature increases with time was determined by using a small thermistor probe inserted in an Eppendorf microcentrifuge tube filled with buffer only.
The dependence of thrombin activity on temperature was determined, using the same p-nitroanilide substrate as described above, by measuring the enzymatic activity at 45, 50, and 55°C, which was found to be 62, 26, and 0%, respectively, of that measured at 25°C. The tests were done by rapidly adding a small volume of enzyme kept at room temperature to the solutions contained in cuvettes already pre-equilibrated at the requested temperature. No appreciable degradation of the substrate was observed at these temperatures, as determined by performing the kinetic analyses at 25°C on samples that had been kept for ∼3 h at the higher temperature. A further check was subsequently done by measuring the FP release after adding a relatively small volume of a thrombin solution kept at room temperature to FG solutions kept at 50 or 55°C in the same Eppendorf tubes used for all the experiments, placed in a thermostated water bath. For comparison, FP releases were also assessed in parallel on samples kept at room temperature. The reactions were stopped after 1 or 5 min, and FP release was analyzed via HPLC as described below. A small percentage of residual activity remained, but it proportionally decreased with the incubation time, leading to a substantial agreement with the synthetic substrate data.
Via combination of the information about how the sample temperature increases with time and how the thrombin residual activity decreases as a function of temperature, it is possible to determine how the thrombin activity deteriorates with time after placing the tubes in the boiling water bath. This is shown in Figure 1 , in which the filled squares correspond to the thrombin inactivation data, while the solid curve represents their corresponding interpolating curve, based on the empirical equation:
where R(t) is the percent thrombin activity as a function of time t (minutes) after immersion in the boiling water and a, δ, and ν are adjustable parameters, whose best values were found to be 8 × 10 , and 1.8, respectively. As can be seen in Figure 1 , the transition from full to zero activity is quite sharp and occurs at 0.457 min, as determined by evaluating the time at which the activity is reduced to 50% (dashed lines). The width of the transition, estimated between 90 and 10% of its initial value (dotted lines), was 0.06 min. In conclusion, the effective time at which the reaction is "instantaneously" stopped was estimated by adding the lag time (∆t) of 0.46 ( 0.06 min to the time at which the sample is immersed in the boiling water.
Separation of Fibrinopeptides. FPs were separated by reverse-phase high-pressure liquid chromatography (RP-HPLC) on a Beckman System Gold composed of a 126 Solvent Module and a 166 UV/VIS Concentration Detector, with slight modifications of the method of Kehl et al. (63) . Using the filled loop method, exactly 1 mL of the sample was loaded on a 4.6 mm × 250 mm column preceded by a 4.6 mm × 45 mm guard column (both Ultrasphere ODS, 5 µm particle diameter, Beckman). The system was equilibrated in 88% NH 4 CH 3 COO (25 mM), brought to pH 6 with diluted H 3 PO 4 (buffer A), and 12% NH 4 CH 3 COO (50 mM), brought to pH 6 with H 3 PO 4 and then diluted 1:1 with CH 3 CN (buffer B). NH 4 CH 3 COO was from Fluka Chemie, and CH 3 CN was LiChroSolv from Merck. The flow rate was 1.5 mL/min, and elution was performed with this sequence: isocratic 88% A and 12% B for 5 min and then a linear gradient over the course of 40 min to 72% A and 28% B. The elution was monitored at 211 nm, and the FPs eluted in the order reported by Kehl et al. (63) . Entrapment of FPB in the clot (51) was found to be negligible, after dissolution of a sample in 8 M urea and analysis via RP-HPLC.
Identification of Fibrinopeptides. An electrospray mass spectrometry (ESPI-MS) analysis was performed to characterize the HPLC peaks. All the chromatographic conditions were the same as described above, but the concentration of the injected material was 10 times higher. The direct coupling of the HPLC system (HP 1090, Hewlett-Packard, Palo Alto, CA) with an HP MS-Engine mass spectrometer equipped with an atmospheric pressure ionization source allowed the identification of all the separated peaks by the comparison of the measured molecular masses with the expected ones. Mass spectra, ranging from 500 to 1900 m/z, were acquired in the positive ion mode using an HP 5989A single quadrupole, and the capillary exit voltage was set to 215 V. All the peptide masses were calculated by deconvoluting the measured m/z ratio of at least two multicharged ions.
Quantification of Fibrinopeptides. The amount of FPs was determined from the area of each peak. Data collection was done by the System Gold Beckman software. Postrun data analysis was performed using PeakFit. No attempt was made to calibrate the system with known amounts of FPs because we were interested only in their relative amounts. The variants and degradation products of the two FPs (63) eluting as single peaks or shoulders were grouped together with those of the intact ones as total FPA and total FPB.
CurVe Fitting. The % FP release versus time data were fitted using a nonlinear least-squares Levenberg-Marquardt algorithm implemented in a Lab-View 6.1 environment (National Instruments, Austin, TX). The error associated with the x variable (time) was projected on the y variable (% FP release) using standard methods (64) . The equations that were FIGURE 1: Determination of the effective end point of the reaction: % thrombin activity (9) vs time t elapsed after immersion in the boiling water. The solid curve represents the best fit to the data according to eq 1.
employed were derived from those of Mihalyi (50) . For FPA, a modified single-exponential growth equation, including a stretch exponent a , was used:
in which A is the amplitude, k a the rate constant for FPA release, and t the time. The amplitude A was constrained to 100 ( 1.5, to reflect the uncertainty associated with the final plateau determination. The stretch parameter a was introduced to check for dispersive nonexponential kinetics. If a ) 1, the process exhibits genuine first-order kinetics, characterized by a unique time-independent rate constant k a and by a single-exponential decay function. When a < 1, either the rate constant k a is time-dependent, with its value decreasing with time, or there is a distribution of timeindependent rate constants, reflecting a inhomogeneous distribution or a polydispersity of the reactant species (for instance, see refs 65 and 66, and references therein). Both mechanisms may lead to the same relaxation behavior, and there is no way to distinguish between them, unless the kinetic data are complemented with other types of measurements or analysis. For this reason, we have attempted a correlation of our kinetic data with the polydispersity analysis carried out on the FG samples as described above. Therefore, in one single case, the kinetic data were also fitted to a sum of two single exponentials given by imposing the constraint A 1 + A 2 ) 100 ( 1.5.
With regard to FPB release kinetics, two models were considered. One of them assumes a consecutive reaction mechanism, in which FPB can be released only after FPA cleavage where k b is the rate constant for the release of FPB from desAA-fibrin. The b stretch factor was inserted to determine if it would also lead to better fits, as in the case of FPA.
The second one contemplates also the direct release of FPB from native fibrinogen, although with a slower rate constant k b ′:
Both eqs 4 and 5 were used only when the k a values were obtained from eq 2 with a a of 1. When a seriously deviates from unity, it is not possible to use eq 4 or 5 directly. In this case, we solved numerically (Runge-Kutta method) the rate equation describing the release of FPB by imposing for FPA a release behavior given by eq 2. This procedure leads to a fitting function that is defined numerically, in which the only floating parameters are the amplitude A and the rate constant k b (and k b ′, if required), while k a and a are kept fixed to the values previously found by fitting the FPA data with eq 2.
RESULTS
Kinetics of FP Release. Representative chromatographic separations of the fibrinopeptides at some selected times for a reaction in TBCaNa are shown in Figure 2 , where the overall good quality of the separations can be appreciated. The FP peaks are identified on the background chromatogram, using the conventions of Kehl et al. (63) . The peak labeled as unknown was proven not to be desArg-B by mass spectrometry. The complete series of experimental data points (each one being the average of three different runs) obtained after integration of the FP chromatographic peaks are reported in Figure 3 on lin-log graphs for the different buffers that were employed. For each experiment, the end point of the reaction was identified (usually 60 min, 120 min for TBC30), and the corresponding areas were taken to be 100% release. As can be seen in Figure 3 , the standard deviations associated with the data are reasonably small, allowing us to perform a careful curve fitting analysis. Superimposed on the data in Figure 3 are the various curves that were obtained using the methods described in the previous section.
To start, the FPA release curves were fitted with eq 2, fixing the stretch term to a ) 1. This resulted in very good fits ( Figure 3 , filled squares and solid lines) in all cases except for buffer TBC2.5 (panel C). When a was allowed to vary, curves practically superimposable with those with a a of 1 were obtained in all cases except for TBC2.5, where the new curve, with a a of 0.69, instead fitted the data points very well (Figure 3 , filled squares and dashed lines). It should also be pointed out that the fact that almost all the curves were accurately fitted when a was fixed to 1 is a consequence of the correction we have made to the time points to allow for the delayed thrombin inactivation (see Materials and Methods). In fact, removing this correction required a a of <1 for nearly all the curves, although it was confined to ∼0.9 in most cases, except for TBC2.5 for which it was <0.6.
The k a values derived from the FPA fittings with eq 2 ( a ) 1) were inserted in eq 4 and in eq 5, and the FPB release data reported in Figure 3 (empty squares) were then fitted, except those collected in TBC2.5. As can be seen, the curves obtained with eq 4 (solid lines) are nearly superimposable with those obtained with eq 5 (dashed lines). Only in TBC30 (panel E) was an appreciably better fit obtained with eq 5. Moreover, no stretch factor was required to optimize the quality of the fits (e.g., b ) 1 in eq 4). Since a ) 0.69 in buffer TBC2.5, a different procedure had to be utilized to fit the corresponding FPB data with the equivalent of eqs 4 and 5, as outlined in Materials and Methods. The resulting curves are reported in Figure 3C , and they are again practically superimposable.
The full set of kinetic constants deduced from the fits, normalized to 1 nominal NIH unit/L of thrombin (K a and K b ), and the associated fit parameters are collected in Tables  1 and 2 for FPA and FPB, respectively, as a function of buffer conditions. The Ca 2+ , Cl -, and Na + molarities and the total ionic strength are also reported for each sample. For FPA, equal or very similar K a values obtained for a a of 1 or when a was left to float (Table 1) are evident for all the buffers that were employed except for TBC2.5. In this case, a a of 0.69 leads to an approximately -12% change in the K a value while clearly improving the quality of the fit, as indicated by the respective % rmsd values. As for the FPB release, the K b values obtained using eq 4 ( b ) 1) or eq 5 are very similar in all cases except in TBS and TBC30, where it appears that some FPB may be released independently and not sequentially (Table 2) . However, only for TBC30 is there also a marked (∼15-fold) improvement in the % rmsd on using eq 5. In any case, the effect is rather minor, with K b ′ values being 1 order of magnitude smaller.
Estimating the Polydispersity of FG. To further investigate the reasons behind the a ) 0.69 stretch factor in TBC2.5, we have examined the polydispersity of our FG samples. The major source of polydispersity is in the C-terminal portions of the AR-chains, which are for instance highly susceptible to plasmin attack (67) (68) (69) (70) , although this enzyme does not seem to be the one responsible for the circulating lower-molecular mass FG forms (71) . In Figure 4A , a Western blot of a PAA gel is shown, which was half-stained with amido black (right side), while the other half was immunostained with the Y18 MAb specific for a determinant in the FPA (left side). The two outer lanes (lanes 1 and 8) were loaded with prestained molecular mass markers, and the others were loaded with DTT-reduced FG samples at different loading concentrations. The amido black-stained FG samples (lanes 5-7) show the usual fibrinogen bands (indicated on the right side), with the doublet of the ARchains already pointing to the presence of heterogeneity. Their immunostained counterparts (lanes 2-4) fully reveal the degree of degradation, which was quantified by densitometric analysis conducted on lane 2, with the others being overloaded. To relate the level of degradation of our FG samples to that of circulating FG, we have also likewise analyzed blood samples obtained from two healthy donors. A representative analysis is shown in Figure 4B , which is a Y18-stained Western blot of a PAA gel where samples of plasma from a single donor (lanes 1-3) and of a purified FG (lane 4-6) from another source (Calbiochem, San Diego, CA) have been run side by side. The "overcrowding" effect clearly visible in lane 1 at the intact AR-chain level is caused by the presence of serum albumin and other plasma proteins of similar molecular mass which were present in the plasma sample. From this comparison, one can note that the degradation at the C-terminal ends of the AR-chains has a different pattern in the plasma and in the purified samples, the latter being more similar to our FG sample (panel A, lanes 2-4). Similar results were obtained with the other plasma sample (data not shown).
The results of the densitometric analysis for the FG sample in lane 2 of Figure 4A are shown in Figure 5 . Using a Gaussian deconvolution procedure, up to 19 species were resolved in the profile, although some are very minor and could be just a deconvolution artifact (see Table 3 , second column). To tentatively identify which proteolytic species were present, a calibration procedure was performed utilizing both the recombinant molecular mass standards and the undegraded FG chains. Since the amido black-stained nitrocellulose membrane shrunk somewhat on treatment (see Figure 4A ), the relative migration factors R f of the bands of the FG chains were normalized to those of the immunostained membrane, using the R f of the recombinant protein standards in the two halves. ], and total ionic strength I are also reported. b % rmsd is the percent weighted root-mean-square deviation between the predicted and experimental data. ], and total ionic strength I are also reported. b % rmsd is the percent weighted root-mean-square deviation between the predicted and experimental data. The calibration curve is shown in Figure 6 , where the two highest-molecular mass recombinant protein standards have not been taken into consideration (data not shown), being clearly outside of the linear range. Even so, when only the 100-37 kDa recombinant protein standards were used (points 1, 2, 6, and 7), the molecular masses of the FG chains were not recovered well. A better fit was obtained by excluding also the 100 kDa standard (point 1) and including the FG intact chains (points 3-5), as shown by the solid line in Figure 6 . Therefore, the molecular masses of the bands of the FG AR-chains were estimated using this line, and are reported in the third column of Table 3 . A comparison with the molecular masses calculated from the FG AR-chain sequence, using known (67-70) and potential plasmin and other reported (71) proteolytic sites, has allowed us to tentatively assign all the major bands to defined fragments, as reported in the three rightmost columns in Table 3 .
However, the identification of the relatively major AR 3 and AR 7 bands is only tentative, since the R554-G555 and K461-E462 plasmin sites have not been previously reported. In addition, six minor bands in the central region could not be assigned to known or potential sites. While our calibration procedure cannot guarantee the correct molecular mass determination especially in the lower range, it is also possible that these bands are the product of the digestion by other enzyme(s) (see ref 15 , and references therein). In any case, the identification of the major bands in the 45-70 kDa range appears to be reliable enough for our purposes.
To simplify the matters, we can tentatively assign the ARchain variant-containing FG subpopulations to two major groups. One possibility is to group the full-length chain and the first fragment together (AR 1 and AR 2 in Table 3 , amounting to ∼34% of the population), since a recent report (72) has shown that residues AR583-610 are likely to be unstructured, and group the remaining fragments as degraded. Alternatively, we can group together bands AR 1 -AR 4 (∼45% of the total) and assume that important structural features are lost starting from the prominent AR 5 band, which alone accounts for ∼18% of the total, grouping it with the more degraded species.
A similar analysis was performed on the plasma samples, for instance on that shown in lane 3 of Figure 4B , finding a somewhat different proportion in the AR 1 -AR 3 fragments (47:31:20 in plasma vs 58:20:22 from the data in Table 3 ) (data not shown). Because of likely saturation effects, only an upper limit of degradation was estimated from lane 1 of Figure 4B , resulting in an ∼85:15 ratio between the AR 1 -AR 4 and AR 5 -AR 19 groups.
Another important source of polydispersity is in the C-terminal ends of the γ-chains, due to alternative splicing of the mRNA. The γ′-variant is particularly relevant for our study, since it is known to bind thrombin with high affinity at a nonsubstrate site (73) (74) (75) . Using the MAbs 4A5, specific for normal γ-chains (59) , and L2B, recognizing the γ′-variant only (60, 61) , the two forms were clearly identified on a Western blot after SDS-PAGE separation under reducing conditions on a 10% PAA gel (data not shown). Quantification of their relative amounts was then carried out on a third lane using MAb J88B, which recognizes both forms equally well, having its epitope in a sequence upstream of residue 400 of the γ-chains (60). As we have done for the AR-chains, Gaussian deconvolution was employed to show that in our samples the γ′-form was ∼4.3% of the total, which is at the lower end of the reported spectrum (5-15%; see refs 74-77, and references therein).
We can now calculate the free:γ′-bound thrombin ratio in our samples. To this end, we can use the stated activity of the thrombin lot (2330 NIH units/mg of protein, 1199 NIH units/mL), which leads to a nominal thrombin concentration of 0.51 mg/mL in our stock solution and of 5.32 × 10 -5 mg/mL (1.5 nM) in our reaction mixtures. Alternatively, we can deduce the thrombin concentration in our stock solution from the kinetic titrations with the synthetic chromogenic substrate, which gave an initial velocity of 1.755 × 10 -2 µmol/s for a 3717-fold enzyme dilution in the presence of 3352 µM substrate, at 25°C. Using a K M of 83 µM and a k cat of 30 s -1 (62), the thrombin concentration of the stock solution was found to be some 6-fold lower, 2.23 µM, than that derived from the activity stated by the manufacturer and, (71) .
d Undetermined. consequently, also in the reaction mixtures, ∼0.23 nM. In any case, these differences do not change appreciably the free:bound thrombin ratio, which in this range is heavily dependent on the amount of γ′-chains. Using an association constant of 4.9 × 10 6 M -1 for the binding of thrombin to the γ′-chains (73), we can then estimate the free:γ′-bound thrombin ratio to be ∼77:23. Polydispersity and Kinetics in Buffer TBC2.5. With this information in hand, we fitted the FPA release data in TBC2.5 with a sum of two exponentials (eq 3), initially letting all the parameters float but imposing the constraint that A 1 + A 2 ) 100 ( 1.5%. A good fit was obtained, with a k a1 /k a2 ratio of ∼6 and relative amplitudes of ∼48 and ∼52% (curve not shown). Interestingly, the ratio between the amplitudes of the two exponentials in this fit is fairly close to the ratio of the percentage fractions of the R-chain C-terminal fragments obtained by grouping the AR 1 -AR 4 and AR 5 -AR 19 areas (45:55). Thus, since the fragment areas and the exponential amplitudes are both proportional to the concentration of the different species present in the sample, this result seems to suggest that the observed doubleexponential kinetics may be attributed to FG polydispersity with the above-mentioned grouped fractions. Indeed, fixing one of the amplitudes to 45 or 55%, and letting the other vary, with the constraint that their sum be equal to 100 ( 1.5%, produced very similar results and very good fits, one of which is shown in Figure 3C (dashed and dotted line). Progressively worse fits were obtained when the AR-chains 34:66 (not shown) or the free:γ'-bound thrombin 25:75 (dotted line) relative proportions were used as a constraint. However, it should be pointed out that all these fittings were somewhat sensitive to the initial guesses in the parameter's values, preventing us from finding true unique solutions for k a1 and k a2 .
The normalized K a1 and K a2 values that we have deduced from the two-exponential fitting of the data collected in TBC2.5 are then reported in Table 4 . Compared with the single "average" K a obtained with the stretched-exponential fit (Table 1) , it is interesting to note that the doubleexponential fit leads to a constant at least 2-3 times faster and another at least 2-3 times slower. Unfortunately, for the above-mentioned reasons, it was not possible to directly assign from the fittings the fast and slow constants to either of the groups within the tested sets (48:52, 45:55, 34:66, and 25:75). However, the very large values obtained for K a1 when it was assigned to the minor component within the 34:64 and 25:75 groups can be taken as an indication that the faster constant could be associated with the major component. In any case, while within each set the K a1 /K a2 ratio is constant irrespective of the assignment, it increases from ∼6 to ∼8 on going from a ratio of 48:52 to 25:75.
Ionic Strength and Ca Table 5 .
A first interesting observation is that the linear dependence on the Cl -concentration or I of the K a data (panels B and C, solid lines) was obtained at a constant Na + concentration a % rmsd is the percent weighted root-mean-square deviation between the predicted and experimental data. b These values were fixed on the values found by the fitting routine when all the parameters were left free to float. of 104 mM (TBS, TBC14, and TBC30 points included in the regression). In addition, the TBE value (filled stars) and even the "average" value obtained with the stretchedexponential fit in TBC2.5 (filled circles), obtained at 106 and 104 mM Na + , respectively, are quite consistent with these linear dependencies. Moreover, our A 0 and Γ I values derived from the K a versus I plots (Table 5 , third column) are strikingly similar to those obtained by Vindigni and Di Cera for their NaCl data (see Table 3 of ref 51). Since in their case the NaCl concentration and I molarities practically coincide, this reinforces the idea of an electrostatic coupling between fibrinogen and thrombin which is nonspecifically screened by the different charged ions present in solution (51) . The diverse A 0 and Γ [Cl - ] values obtained for the K a versus Cl -concentration plot simply reflect the contribution of the divalent Ca 2+ cation to the ionic strength of the solutions. In other words, these data seem to imply that the FPA release by thrombin is affected mainly by the ionic strength of the solution. However, when the Na + concentration was increased in the presence of 2.5 mM CaCl 2 so as to reach the ionic strength of buffer TBC30, the points did not fall on the linear fits anymore (TBCaNa, filled diamonds, Figure 7B ,C). Since Vindigni and Di Cera (51) obtained very similar A 0 and Γ salt values for K a as a function of the concentration of NaCl and NaF, this would suggest a Ca 2+ -specific effect on FPA release, in contrast with the previous interpretation. One possibility is that this result derives from the particular combination of a physiological Ca 2+ concentration, with its peculiar effects, and a higher than physiological I, suggesting a finely tuned mechanism for FPA release requiring optimal values of calcium and ionic strength. More experiments are clearly needed to better investigate this hypothesis.
Unexpectedly, an opposite effect was found for the K b data ( Figure 7B,C, empty symbols) , where the points in TBCaNa (diamonds) lie on the same linear relations (dashed lines) with buffers TBS, TBC2.5, and TBC14 (squares, circles, and up triangles, respectively), while the points in TBC30 (down triangles) fall instead below them. At the same time, removal of the tightly bound Ca 2+ ions (TBE, stars) also affected FPB release, seemingly in agreement with the dependence of the FPB cleavage on fibrin formation, whose rate is known to be enhanced by Ca 2+ (see ref 2, and references therein). Because of the exclusion of the high Ca 2+ concentration point (TBC30) from the linear fit, practically identical A 0 and Γ values were obtained for the Cl -concentration and I in this case (see Table 5 , last two columns). However, contrary to the FPA case, our Γ values for FPB are nearly half of those reported by Vindigni and Di Cera (51) for the three salts they investigated, and much closer to our FPA values. As no free Ca 2+ was added in their study, it is possible that the observed electrostatic screening effects are affected by its presence.
DISCUSSION
In this paper, we have reported some unexpected findings concerning the role of Ca 2+ in the FP release by the physiological enzyme thrombin. This work was started to complement our light scattering studies on fibrin formation, which were carried out at 25°C (21, (52) (53) (54) , and provides some additional evidence of the fine interplay between specific ion effects and the overall ionic strength of the solution in modulating the FP release. Moreover, there are strong hints that the C-terminal parts of the AR-chains also are involved in this modulation. Although the polydispersity at the level of AR-chains of circulating FG in healthy subjects is surely less, and seems to be restricted mainly to the highermolecular mass species, it could still play a role in the kinetics of FP release. It is then interesting to try to put our findings on a broader perspective.
Comparing the Kinetic Parameters. To start, we can compare the data presented in Tables 1, 2 , and 4 with the available literature data. Since we did not perform FG concentration dependence studies, we could not determine the Michaelis-Menten k cat and K M parameters. However, our FG concentration (0.5 mg/mL, ∼1.5 µM) was quite low, in any case well below the K M literature values of 7-11 µM (47) (48) (49) (50) , while at the same time being much larger than the enzyme concentration (∼0.23-1.5 nM). Thus, our K a and K b values can be taken to be a close approximation to the specificity constants k cat /K M . Within this approximation, our K a values are at the lower end of the available k cat /K M literature values (47) (48) (49) (50) 
, which were, however, collected under different buffer conditions and using bovine and human fibrinogen and thrombin in various combinations. Clearly, these differences prevent a more detailed comparison between our K a values and the literature k cat /K M values. Nevertheless, it is of interest to note that in none of the above-mentioned studies was the Ca 2+ concentration increased above 1 mM, and thus the significant effect that we observed at 2.5 mM Ca 2+ was likely not previously noticed. In any case, the values that we have obtained with the double-exponential fit for the 48:52 or 45:55 group are also fully compatible with the literature data.
To better visualize the differences induced by varying the Ca 2+ concentration, in Figure 8 we have plotted a series of synthetic curves generated for the FPA and FPB release under all the conditions that were investigated using the normalized K a and K b values of Tables 1, 2 , and 4. The significant effect of physiological Ca 2+ concentration and I on the FPA release is quite apparent here (panel A, solid thick black curve), and it is evident that it derives from the sum of fast and slow K a components represented by the solid gray curves. A further increase in the Ca 2+ concentration to 14 mM [a concentration used, for instance, for in Vitro thrombin activation of Factor XIII (78)] or to 30 mM [approaching the value of 50 mM used in the initial FG fragment D crystallization conditions (5)], however, completely abolished this effect, while progressively slowing the FPA release to about half its value under near-physiological conditions (Table 1 and Figure 8A ).
With regard to the FPB release, first of all our data confirm the sequential mechanism supported by the work of Mihaly (50) and Vindigni and Di Cera (51), as shown by the good fittings to the data points of Figure 3 . Only in TBC30 does it appear that some FPB is released independent of prior FPA release, suggesting a Ca 2+ -specific effect (see below). In addition, we note that, in contrast with what Mihaly (50) found, our specificity constants (K a and K b ) are not the same for FPA and FPB, but rather, their ratio is roughly 0.5 for any given buffer. More importantly, the strong, populationdependent effect on the FPA release observed with buffer TBC2.5 is not carried out to the FPB release, further supporting the concept of a sequential mechanism. The slight crossover exhibited by the FPB synthetic release curve (thick black curve in Figure 8B ) is only a consequence of the FPA kinetics under these conditions. Polydispersity and Ca 2+ . The fact that the FPA data in TBC2.5 are fitted equally well by the double-exponential (eq 3) and stretched-exponential (eq 2) decay functions suggests that is reasonable to associate the stretchedexponential decay behavior with sample polydispersity, rather than with time-dependent rate constants (see refs 65 and 66). Thus, it is possible to interpret the stretch exponent a as a parameter which reflects the substrate polydispersity (65) . From the results of the double-exponential fittings (Table  4) and the polydispersity analysis, the noticeable and opposite effects of physiological Ca 2+ concentration and I on two FG subpopulations seem to suggest the involvement of the C-terminal parts of the AR-chains, thus reinforcing the hypothesis that they may play an important role in the early events in fibrin polymerization (13, 79) . But why is this effect noticeable only at a physiological Ca 2+ concentration and I? Most likely, it involves a Ca 2+ -binding site being present in one subpopulation only, but it is not clear if this should be a high-or low-affinity site. Its disappearance at Ca 2+ concentrations higher than physiological could suggest a saturation effect more compatible with a low-affinity site. On the other hand, the effect disappears with an increase in I with NaCl, while the Ca 2+ concentration is kept at a physiological value. This makes it more likely that a highaffinity Ca 2+ -binding site is instead involved, but modulated by I, which, under our conditions, increases as the Ca 2+ concentration increases.
In any case, where is this site located? As pointed out in the introductory section, there is still some uncertainty about the precise number, class, and localization of Ca 2+ -binding sites in FG. For instance, a reanalysis of earlier data by Nieuwenhuizen, Haverkate, and colleagues (34) seemed to indicate that, in contrast with rat FG that has 2.4 high-affinity binding sites and 2.3 lower-affinity sites, human FG has just 3 high-affinity sites under near-physiological conditions [50 mM Tris and 150 mM NaCl (pH 7.5)]. However, our own reanalysis of the data presented in Figure 1 Figure 2 data) for bovine FG in 5 mM Tris and 0.5 M NaCl (pH 7.5), which were however reduced to just 2 high-affinity sites when the pH was reduced to 6.0. Furthermore, they subsequently showed (42) that the third pH-dependent site was present in human FG (K d ∼ 9 × 10 -6 M) only when the AR-chains were intact, suggesting that it could be, for symmetry reasons, a composite site involving the two halves of the molecule. In addition, no Ca 2+ ions were found in the recently published FG central E domain structure (80) , although it lacked residues AR1-28 and B 1-60. In the end, a consensus exists only for the two high-affinity Ca 2+ -binding sites, which were clearly localized in the FG outer D domains (5-8), confirming previous biochemical work (see ref 35 , and references therein). The odd number of high-affinity sites may result from the inherent heterogeneity of the FG population, but the above-mentioned study by Marguerie (42) makes it an unlikely possibility. Rather, it is the noninteger number of sites recalculated by us from the data of Nieuwenhuizen et al. (33) and Marguerie et al. (36) that simply suggests heterogeneity in their FG samples. It should also be mentioned that the γ′-chain isoform likely harbors a Ca 2+ -binding site (81) , but in any case, its relatively small amounts [5-15% (74-77) , ∼4.3% in our samples] cannot fully account for the third high-affinity site.
As for the Ca 2+ low-affinity sites, the recently identified new sites in the D domain (37-39) probably belong to this class, and one of them could well be the site of Ca 2+ uptake shown by Mihaly (46) to occur after FPB release, as already suggested (38) . Therefore, they are more likely to be involved in the lateral aggregation of fibrin fibers, and perhaps in FPB cleavage, although their position with respect to the central E domain will call for a long-distance propagation of a conformational change (see more below). Sialic acid residues, which are located at the end of the two carbohydrate clusters present in each half of FG, have also been implicated in Ca 2+ binding and shown to modulate the lateral aggregation of the fibers (40) . While one carbohydrate cluster is present in the D domain (attached to Asn 364), and thus unlikely to directly influence the FP cleavage, the other is attached to Asnγ52, reasonably close to the central E domain. Thus, it is potentially involved either in thrombin binding or in interactions with the C-terminal ends of the AR-chains. It is difficult to envisage a specific role for the other, not yet identified, low-affinity sites.
An aid in resolving this puzzle may come from the electron microscopy works of Veklich et al. (13) and Gorkun et al. (79) , who studied the effect of pH and of FP removal on the fourth domain presumably formed by the C-terminal parts of the AR-chains and positioned on top of the E domain. To start, this domain is completely absent in the so-called "fragment X" preparations, lacking part or most of the C-terminal parts of the AR-chains. Moreover, consistent with the loss of the putative third high-affinity Ca 2+ -binding site with a reduction in pH (36) , at pH 3.5 the fourth domain was separated into two smaller domains positioned away from the E domain in both fibrinogen and fibrin (13) . Interestingly, when the samples were observed at pH 7.4 and in the presence of Ca 2+ , removal of the FPAs alone induced only a detachment of the fourth domain from the E domain in ∼15% of the molecules, this number becoming 71% if both sets of FPs are cleaved (13, 79) . Thus, this domain appears to be made primarily by the C-terminal parts of the AR-chains, and to require the presence of the FPs only to hold it closer to the central E domain. It is also possible that the repositioning of the fourth domain is just a consequence of conformational changes induced by the removal of the FPs.
In the end, it seems therefore more likely that the putative composite high-affinity Ca 2+ -binding site involves the Cterminal parts of the AR-chains, held together over the central E domain where the negatively charged fibrinopeptides are located. According to this picture, this site could be lost following the partial degradation of the C-terminal parts of the AR-chains, possibly leading to a change first in FPA availability. Whether this effect will produce an increase or a decrease in the efficiency of FPA cleavage is difficult to asses from our data, and will require further studies involving purified FG fractions differing in the degradation of the C-terminal parts of the AR-chains. Additional controls on the role of the γ′-chain isoform will be likewise required, although a very recent report (82) has shown that FPB, and not FPA release, is affected (slowed), at least under the one particular condition that was investigated (50 mM Tris, 100 mM NaCl, 10 mM CaCl 2 , pH 7.5, with I ) 175 mM).
Ionic Strength and Ca
2+
-Specific Effects. Besides the polydispersity effects, it is also interesting to further discuss the specific effects of Ca 2+ concentration and I on FP release. Taken together, the data in Figure 7 show that while the cleavage rates of both FPA and FPB depend in a similar manner on the ionic strength of the solution, they respond differently to the presence of Ca 2+ . While a specific effect on FPA release is observed only at a physiological Ca 2+ -concentration and I, removal of the Ca 2+ ions tightly bound to FG by EDTA (TBE) slows FPB cleavage; however, a Ca 2+ concentration well above the physiological level also inhibits FPB release by more than it would be expected from purely screening effects. We also note that this high Ca 2+ concentration at the same time allows some FPB to be cleaved independent of prior FPA release (see Figure 3E and Table  2 ). This is interesting in light of the elegant work by Mullin et al. (83) with recombinant fibrinogens, showing that the order of FP release is dictated by thrombin specificity. In particular, it was proposed that a conformational change in either thrombin or FG (or both) occurs after FPA release, allowing the subsequent efficient cleavage of FPB. It is possible that such a conformational change may be initiated at these rather high Ca 2+ concentrations, suggesting the involvement of a low-affinity Ca 2+ -binding site. It is tempting to speculate that this may be one of the recently discovered (37-39) additional Ca 2+ -binding sites in the D domain, as already mentioned in the previous section. In fact, one of these sites (37) has been observed in a D dimer fragment after the engagement of a synthetic B knob-like peptide in the b hole, leading to a rearrangement of the -subdomain in a way that favors the lateral aggregation of the fibrin fibers (19, 37) . Perhaps, at our relatively high (30 mM) Ca 2+ concentration the site becomes occupied, inducing a conformation change even without the B knob engagement. Thus, one wonders if this conformational change can somewhat propagate back along the coiled coil to the central domain, directly influencing FPB cleavage. It should be also mentioned that while two of the additional Ca 2+ -binding sites have been also observed in a recombinant human non-crosslinked fragment D free of ligands, in the presence of both synthetic A and B knobs the above-mentioned site is surprisingly lost (39) . Although this effect may be due to the concentration of free Ca 2+ in the crystallizing solutions being much higher in the absence than in the presence of the synthetic knobs (70 vs 12.5 mM) (39), a conformational change caused by the absence of the D-D dimer interface cannot be ruled out. Further studies on the FP release while FG polymerization is inhibited by an excess of either small peptides or fragment D should help to clarify this matter.
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